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INTRODUCTION

Although breast cancer-related death rates have decreased somewhat during the last decade, it is
expected that breast cancer wi 1l be diagnosed in over 182,000 wom en in the United States in
2008 and it is estim ated that 13.2 % of all American women (1 in 8) will develop breast cancer
and 3.0 % will d ie from this disease (J emal, et al ., 2008; Ries, et al., 2008) . Breast cancer is
responsible for about 15% (>40,000) of all female cancer deaths in the same year, second only to
lung cancer-related deaths in the US (Jem al, et al., 2008). W ith an estim ated 1.2 million new
cases diagnosed and nearly 410,000 breast-cancer related deaths pe r year, this disease is the

single m ost comm on life-threatenin g cancer to a ffect wom en worldwide (B ray, et al., 2004;
Parkin, et al., 2005).

The BRCA1 gene (OMIM: 113705) is one of the m ost intensively studied breast cancer
susceptibility genes and has a profound role in breast cancer etiology owing to its involvement in
several important cellular processes. Importantly, estimates from previous studies (Collaborative
Group on Hormonal Factors in Breast Cancer, 2001; Margolin, et al., 2006) indicate that fam ily
history is associated with 15% to 20% of breas t cancer cas es in the U nited States. Therefore,
most familial aggregation of breast cancer remains unexplained. Furthermore, recent findings of
phenotypic overlap between BRCAl-associated and sporadic basa I-like breast cancers suggest
that the latter might have an underlying defect in BRCA1-related pathways (Foulkes, et al., 2003;
Lakhani, et al., 2005; S orlie, et al ., 2003; Turner, et al ., 2007). Therefore, dysfunction of other
genes, which code for proteins in complementary pathways as BRCAT1, could be important in the
pathogenesis of a significant proportion of sporadic breast cancers.

BRCA1-Associated Proteins: Functional Modifiers of BRCA1

The BRCAL gene encodes for a 220 kDa nuclear phosphoprot ein that has been suggested to play
a role in maintaining genom ic stability and to act as a tumor suppressor (Miki, et al., 1994).
Findings from mouse studi es demonstrated that Brcal knockout mice, generated by rem oval of
exon 11, have a def ective G o/ M cell cy cle
checkpoint and extensive chrom osomal " " '“\
abnormalities, and d eveloped m ammary tum ors i sy Ubiuidiination
(Xu, et al., 2001; Xu, et al., 1999). BRCA1 % T

interacts dir ectly o r ind irectly with other tum or g
suppressors (such as p53 and BRCA2), DNA
damage se nsors (such as RAD51, RADSO0,
MRE11 and NBS1), ubiquitin ligase partners
(BARD1, BRCC45, BRCC36), and signal
transducers (such as p21 and cyclin B) t o form
multi-subunit protein co mplexes, such as BASC

. . DNA Repair Cell Cycle Contral

(BRCA-associated genome surveillance complex) ’ e
and BRCC [ ‘F|gure‘ 1, (Chen, etal., 2006a)]. Figure 1. BRCAl-associated protein
These m ulti-subunit protein complexes are network. BRCAL interacts with a number of
involved in a broad range of biological processes proteins to form ‘multi-subunit complexes.
. . . BRCAl-associated protein complexes are
mc'lud'mg DNA repair, cell C}’Cle control, involved in DNA repair, protein ubiquitination,
ubiquitination, and chrom atin rem odeling (Chen, cell-cycle-checkpoint control, and chromatin
et al., 2006a). The majority of BRCAI functional remodeling (Chen et al, 2006a).

studies have focused on its potential role in DNA
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damage responses. The im plication that BRCAlisad irect com ponent of DNA da mage
response pathways comes from evidence of its interactions with BRCA2 and RADS51. The
protein complex com prised of BRCA1, BRCA2, and RADS51 has been shown to activate DNA
double-strand break (DSB) repair and to init  iate hom ologous recombination, an observation
which links the m aintenance of genomic integrity to tumor suppression (Chen, et al., 1999). In
addition, the BRCA1-associated MRE11-RAD50- NBS1 (MRN) complex has recently been
demonstrated to activate CHEK2 downstream from ATM in response to replication-mediated
DSBs (Takemura, et al., 2006). Disruption of any of these pathways may contribute to increased
genomic instability and potentially sensitize cel Is to the ef fects of ionizing radiation (IR),
specifically through the induction of cellular apopto sis. BRCAT1 also interacts with a nu mber of
proteins and displays si gnificant ubiquitin ligase activities. Importantly, deleterious m utations
affecting the BRCA1 RING-finger do main, which were found in c linical specimens, abolish the
ubiquitin ligase activity of BRCAT1 (Ruffner, et al., 2001; W u, et al., 1996). These findings
support a relationship between th e ligase activity of BRCA1 and  the predisposition to breast
cancer. In addition, BRCAI has also been reporte d to interact with the RNA Pol II holoenzyme
(Scully, et al., 1997). Two  recent reports have suggested that BRCAland BARDI m ay be
involved in the degradation of RNA
polymerase Il com plex and siRNA-m ediated
knockdown of BRCA1 and BARDI results in
stabilization of RNAP II in the cells following
UV exposure (Kleiman, et al., 2005; Starita, et
al., 2005). These studi es reported that
BRCA1/BARDI appears to initia teth e
degradation of stalled RNAP II and thus
disrupts the coupled transcription by
inhibiting RNA processing machinery in cells
exposed to DNA damage.

BRCAL-Associated  Proteins:  Potential
Targets of Breast Cancer Therapies
Considerable efforts have been m ade toward
understanding the m echanism of the response
to both cytotoxic chem otherapy and radiation
therapy in the treatm ent of breas tcan cer.
Tumor cells in general are gen omically
unstable and have defects in DNA da  mage
responses. It has been proposed that targeting
DNA repa ir pathwaysm ayleadtoa
therapeutic index in tumor cells over “normal”
cells. Because of the im portant role of
BRCA1 in DNA repair, breast tu ~ mor cells
with defective BRCA1 are believed to be

mote s'ensmve to DNA-da mag.e based Figure 2. Purification of BRCC. Analysis of anti-
therapies (Farm er, et al., 2005). This FLAG eluate by SDS-PAGE followed by silver
speculation is supported by the recen t | staining (Dong, 2003).

development of the inhibitors of poly (ADP-
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ribose)-polymerase-1 (PARP). The PARP enzyme is involved in base excision repair which is a
critical pathway in the repair of DNA single-strand breaks (Ratnam and Low, 2007; Schreiber, et
al., 2002). Farm er and colleagues have show n that defects in BRCA1 o r BRCA2 p rofoundly
sensitize cells to the inhibition of PARP enzymatic activity, resulting in chromosomal instability,
cell cycle arrest, and subsequent apoptosis (Farmer, et al., 2005). PARP inhibitors are currently
in clinical trials of patients with breast cancer or other malignancies who are BRCA1 or BRCA2
mutation carriers. Two phase I stud ies have shown that AZD2281 (AstraZeneca, UK), a potent
orally activ e PARP inhibito 1, is well tole rated and leads to significant PARP inhibition in
patients carrying BRCA1 and BRCA2 mutations with breast or ovarian cancer (Fong, et al., 2008;
Yap, et al., 2007). Im portantly, clinical responses have been obs erved in all cohorts evaluated
thus far, and future phase II studies are planne d (Fong, et al., 2008; Yap, et al., 2007). Findings
from these recen t stud ies further suggest th at the design of novel therapies, which inh  ibit
components of particular DNA repair pathways , m ay provide effective and m ore tolerable
therapeutic options for breast cancer patients with BRCA1 defects.

Nevertheless, defects in BRCAL1 its elf may not be the onl y reason for the loss of its activity nor
the increased sensitivity of tumor cells to DNA damage-based agents. A number of studies have
demonstrated that m anipulation of BRCA1-associated proteins , such as RADS51, MRE11, and
NBSI, can impact cellular sensitivity to ionizing radiation (IR) (Chen, et al., In press; Digweed,
et al., 2002; Lio, et al., 2004; Nakanishi, et al., 2002; Russell, et al., 20 03). BRCA1-associated
proteins may, therefore, be considered as potenti al targets for breast cancer therapies. Despite a
potentially significant role for BRCA1-associated protein complexes in m odifying the activities
of BRCAI, the total number of complexes and the identity and function of com ponent proteins
has yet to be fully elucidated. Thus, much of the scientific effo rt related to BRCAI is currentl y
directed at defining the bioche mical functions of BRCAl ina ssociation with these protein
complexes.

BRCA1/2 Containing Complex (BRCC)

Wang et al have previously reported that a set of proteins associate with BRCA1 to form a large
mega-Dalton protein complex, referred to as BASC (B_RCA1-Associated Genome Surveillance
Complex) (Wang, et al., 2000). This com plex includes several DNA dam age repair proteins,
MSH2, MSH6, MLH1, ATM, the MRE11-RAD  50-NBS1 protein com plex, and the RFC1-
RFC2-RFC4 complex. BASC is responsive to d ouble stranded breaks (Wang, et al., 2000). In
addition, BRCA1 directly interacts with the brahma-related gene 1 (BRG1) subunit of
SW1/SNF-associated com plex which has been = demonstrated to be involved in chrom  atin-
remodeling (Bochar, et al., 2000). However, it becomes clear that BRCA1 and/or BRCA2 can
exist in a number of protein complexes and that many BRCA1/2 associated proteins remain to be
identified.

Using a combination o f affinity purification of anti-FLAG and m ass spectrometric sequencing,
we have reported a novel multiprotein complex, termed BRCC (BRCA1/2 Containing Complex)
(Figure 2), which contains seven polypeptides including BRCA1, BRCA2, BARDI and RADS1
(Dong, et al., 2003). We first reported that BRCC was an E3 ubiquitin ligase complex exhibiting
activities in the E2-dep endent ubiquitination of the tum or suppressor p53. In this multipro tein
complex, three proteins, referred to as BRCC36, BRCC45, and BRCC120 have been found to be
associated with BRCA1 and BRCA2.
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Mass spectrom etric seq uence anal ysis of the 36-kDa bands in ~ Figure 2 identified a protein
referred to as BRCC36 (Dong, et al., 2003). BRCC36/c6.1A gene is located at the X q28 locus, a
chromosomal break point in patients with prolymphocytic T-cell leukemia (T-PLL) (Fisch, et al.,
1993). The chromosomal break occurred in two different introns of BCC36/c6.1A and the fusion
transcripts were expressed at high levels in the leukaemic cells from T-PLL patients (Fisch, et al.,
1993). The BRCC36/C6.1A gene is highly conserved between species and bears sequence
homology with both hum an Poh1/Pad1 subunit of th e 26S proteasom e and subunit 5 (Jabl) of
the COP9 signalosome (Dong, et al., 2003). Despite its homology to POH1 and Jab1l, BRCC36
represents a distinct b ranch in the e volutionary tree. W e have dem onstrated that depletion of
BRCC36 resulted in in creased sen sitivity in breas t cancer cells to IR and disrup tion of IR-
induced BR CA1 phosphorylation and nuclear fo ci form ation (Chen, et al., 2006b). RNA
interference of BRCC36 also resulted in a defect in G2/M checkpoint arrest (Dong, et al., 2003).
Cancer-associated truncations in BRCA1 have b een found to reduce the association of BRCC36
with the BRCC com plex (Dong, et al., 2003). In addition, our previous study has sh own that a
recombinant four-subunit BRCC com  plex containing BRCA1-BARD1-BRCC45-BRCC36
revealed an enhanced E3 ubiquitin ligase ac tivity com pared to tha t of BRCAI-BARDI1
heterodimer (Dong, et al., 2003).  Therefore, BRCC36 appears to be a positive regulator of
BRCA1/BARDI E3 ligase activity. Furthermore, BRCC36 has recently been reported to also be
present in a novel protein complex, BRCA1-RAP80-ABRAXAS-BRCC36 (BRCA1 A complex),
and displays deubiquitinating (DUB) activities (Sobhian, et al ., 2007; Wang and Elledge, 2007).
The recruitm ent of BRCC36 to this com plex is via the inte raction between the coiled- coil
domains of BRCC36 and ABRAXAS. BRCC36 plays an important role in BRCA1 A co mplex,
and it is essential for the localization of = RAP80, ABRAXAS, and BRCA1 to sites of DNA
damage. These findings suggest that the bala  nce between synthesis a nd turnover of certain
polyubiquiquitinated structure by BRCA1-BARDI1 E3 and BRCC36 DUB activities, respectively,
could be dynamic and mediated by other protein partners (e.g., BRCC45 or RAP80) in the sam e
complexes.

Antibody-Mediated siRNA Delivery

Considerable research efforts have been focu sed on applying siRNA for human disease therapy,
including cancer therapy. A novel m ethod for in vivo delivery of siRNAs to spec ific cell types
has been recently developed, and it takes advant ages of the nucleic-acid binding properties of
protamine as well as the specifi city of fragm ent antibodies (F ab) (Sioud, 2006). This m ethod
shows that systemically administered siRNA can be targeted to cells th at express a specific cell-
surface receptor (Peer, et al., 2007 ; Song, et al., 2005). Com pared to other siRNA delivery
systems, antibody-based siRNA targeting prov ides many a dvantages (Sioud, 2006), including
that (i) the siRNA is stable  in the blood with a prolonged half  -life; (ii) the siRNA can be
transported across capillary endo thelial walls; (iii) the siRN A can be specifically bound to the
plasma m embranes of target cells (“sm art drug” ); and (iv) the s iRNAs can be efficiently
delivered into the target cells th rough endocytosis. Here, we will apply a cancer cell-specific or
“smart” therapeutic approach utilizing diabod  y-P/siRNA conjugates that should lead to an
improvement in the targeting of breast tumor cells, while reducing non-specific toxicity.
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BODY

Task 1: To Express and Purify Anti-HER2 C6.5-Protamine Fusion Protein.

Figure 3. Purification of C6.5—
protamine  fusion  proteins.
Purification of C6.5-protamine
fusion proteins was determined by
HPLC (A. Up panel: C6.5; Low
panel: C6.5-protamine) and
Western blot analyses (B). (C)
The levels of C6.5-protamine
fusion protein were also examined
by Western blot assay in protein
samples extracted from soluble
and insoluble cell fractions.
Recombinant C6.5 protein was
loaded as positive control (PC).

Expression of anti-HER2 C6.5db-P fusion protein:

The sequence of the truncated for mof hum anprotam ine (am ino acids 8-29:
RSQSRSRYYRQRQRSRRRRRRS) was first subcl oned between the C-term inus of the anti-
HER2 C6.5 and His-tag in the vector pPCYN2.  Anti-HER2 C6.5-P-His was then expressed in
TG1 E. coli, extracted in perip lasmic ex traction buffer (30 mM Tris-HCI, 20% su crose, ImM
EDTA). After centrifuga tion, anti-HER2 C6.5-P-His fusion prot ein in the soluble fraction was
purified using the Ni-nitrilotriacetic acid (Ni-NTA) agarose followed by high-performance liquid
chromatography (HPLC) size-exclusion chro matography over a Superdex 75 column
(Amersham Pharmacia). HPLC a nd Western blot analyses showed that no trace of C6.5-P-His
fusion protein was found in the fl owthrough and elusion solution ( Figure 3A and 3B). Further
Western analysis show ed that the abundant C6.5- protamine-His was detected in the insoluble
fraction of extraction buffer. Howe ver, the C 6.5-protamine-His fusion protein was not detected
in the solub le fraction at all ( Figure 3C). These results indicated that the C6.5-Protam ine-His
fusion protein was insolubl e in current extraction buffer. As shown in Figure 4A and 4B, only
strong denaturants such as, 6 M GuaHCI, 2% SDS, and 1% Triton X-100, were able to efficiently
extract the fusion proteins C6.5-protam ine. As 2% SDS and 1%  TRitonX-100 m ay cause
irreversible denaturation of the p roteins, we chose 6 M GuaHCl to extrac t fusion proteins from
insoluble section as described in  a previous study (Li, etal ., 2001). However, the yield of
purified fusion protein was still too low to perform the siRNA delivery experim ents (data not
show). Based on the facts that protam ine has strong binding capacity w ith the nucleotides, we
have found that protamine fragment (a.a., 8-29) is a high charge molecular. As shown in Figure




CHEN, Xiaowei

3, the C6.5-protamine fusion protein has a charge value of +15.9 at pH7.0 in com parison to that
C6.5 alone only has a positive charge of 3.7 at pH 7.0. This high charge character of protamine
fragment (a.a., 8-29) appears to be responsible  for the insolubility of C6.5-protam ine fusion
protein.

) Figure 4. Detection of C6.5-
é\&a_, 05*" K 3 protamine fusion proteins. Protein
& & <& &P samples were first extracted from
S g $ & S g e $ & bacterial lysed with various reagents
Input (~50ug) Input (~50ug) including 6 M GuaHCl, 2%SDS, or 1%
+ ol il — Triton X- 100. The lysate from non-
98— induced Dbacterial was used as
50 — S i — negative control (NOC), and
36 |- ‘ 15| < é recombinant C6.5 protein was loaded
2l o r— o5 as positive control (PC). Protein
-~ = T e samples were then fractionated in
6 |~ 6l — SDS-PAGE followed by Western blot
Anti-His Anti-Protamine-1 (N14) analysis using antibodies against His

tag (A) and protamine (B).
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Figure 5. Reduction of anti-HER2 scFv3.9. (A) Ellman’s assay for the determination of free sulfhydryl groups.
(B) Fractionation in desalting by Sephadex G-25.

Conjugation of anti-Her2 antibody and protamine peptide

Due to the technical difficulties of purifying the anti-HER2 C6.5—protam ine fusion protein, we
have decided to use an alternative approach to first synthesize the protamine (a.a., 8-29)-Cys and
then conjugate the p rotamine-Cys with cystein e-containing anti-HER2 antibod ies. Because of
the character of high charge in pr otamine peptide (a.a., 8-29), the scientists in Genscript took 3x
tries to finally synthesize this peptide. W e have first m easured the baseline levels o f free -SH
group containing in cysteine using 5,5'-dithiobis-(2-nitrobenzoic acid) (Ellman’s reagent; Pierce).
As shown in Figure 5A, the -SH contents is much higher in the protamine and Herceptin, an anti
HER?2 antibody, but pretty low in anti-HER2-sc ~ FV3.9, which contains two cysteines in its
sequence. Therefore, the protein of anti-HE R2 scFv3.9 was first reduced by DTT to obtain
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monomer anti-HER2 sFv3.9-SH. In brief, IM D TT was added to the scFv in buffer of 10 m M
HEPES and 150 m M NaCl, (pH 7.4) to a final concentration of 50 mM. After rotation at room
temperature for 5—10 min, the protein was desa Ited on a Sephadex G-25 colum n (GE) ( Figure
5B). To pe rform the conjugation, protam ine (a.a., 8-29)-Cys was incubate with Herceptin or
scFv3.9 at molecular ration of 10: 1, respectively. The solution was then mixed by gentle rotation
for 30 min at room temperature to produce HER2 antibody and Protamine conjugation.

Task 2: To Determine if Abrogation of BRCC36 by C6.5-P siRNA Delivery can Sensitize
Breast Tumors to DNA Damage-Based Therapies in Mouse Xenograft Models.

BRCC36 si RNA delivery in HER2-positive cells via anti-HER?2 antibodies and protam ine
conjugates

To examine if HER2 a ntibodies and pr otamine conjugates enable delivery of BRCC36 siRNA
specifically to the HER2-positive b reast cancer cells, we have perform ed in vitro s ilencing
studies in the SKBR-3 breast cancer cell line which constitutively expresses high levels of HER2
and BRCC3 6 (Chen, et al., 2006b). In com parison to control cells without siRNA treatm ent,
Western blot analysis revealed a ~50% decrease in BRCC36 levels in the cells which siRNAs
were delivered by either lipid (i.e., Oligof ectamine, Invitrogen) or the conjugates of Herceptin
and protamine peptide transfected cells (Figure 6). However, the breast cancer cells added with
the conjugates of anti-HER2 scFv3.9 and protam ine peptide have no response to the BRCC36
siRNA treatment. Because of the low levels of free -SH group presented in anti-HER2 scFV3.9,
we expect the conjugation between anti-HER2 scFv3.9 and protamine may be less effective. We
are currently optimizing the condition for reduction of scFv in order to increase the level of free
—SH in anti-HER2 scFv protein.

Figure 6. Knocking-down BRCC36
expression by siRNA delivery via

anti-HER2 antibody-protamine
conjugates. For the siRNA delivery
SKBR-3 studies, SKBR-3 cells were plated at a

density 5x10° cells/cm?. After reaching
«— anti-BRCC36 30% to 40% confluence, cells were
- transfected with BRCC36 siRNA using
either oligofectamine or
antibody/protamine conjugates in OPTI
reduced serum medium. After 48
hours, cells were harvested, and
siRBCC36 + » ke @ - Western blot analysis was performed
to examine the protein level of

S S G S S [« anti-ACTB

i - + + + u
Erotamine BRCC36 in cell lysates. Protein
Herceptin - - + - - loading level was evaluated by
immunoblotting with anti-p-actin
HERZ-sFv ' . -t ) antibody.

Oligofactmine + - . - Z

10
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Exogenous BRCC36 expression stimulates colony fo rmation and sensitizes breast cells to IR-
induced apoptosis

We next evaluated whether exogenous expressi on of BRCC36 alone c ould transform MCF-10F,
a non-tum origenic m ammary epithelial cell line, initially by assessing anchorage-independent
growth. As shown in Figure 7, FLAG-tagged BRCC36-overexpressing MCF-10F cells form ed
more colonies (>30 cells after 3 weeks) in soft  agar, as co mpared to v ector-control MCF-10F
cells. The breast tumor cell line, MCF7 was included as a positive control. After quantification,
BRCC36-overexpressing MCF-10F cells are ~5-tim es more efficient in colony form ation than
vector-control cells (18.5 £2.1 vs. 3.5+ 0.7, p<0.01) ( Figure 7). In addition, we have
hypothesized that the level and/or integrity of BRCC36 could be a critical factor that m ediates
BRCA1-associated DNA dam age response. We ha ve previously shown that disruption of
BRCC36 via siRNA-depletion bl ocks BRCA1 activation and enha nce IR-induced apoptosis in
breast cancer cells (Chen, et al., 2006b). We recently evaluated whether aberrant expression (i.e.,
over-expression) of BRCC36 in non-tum origenic breast cells would indu ce a similar phenotype
as depletion of BRCC36 in response to IR-induced apoptosis. Following transient transfection of
a BRCC36 expression construct (Figure 8A), MCF-10A cells were exposed to 4-Gy of total IR

Figure 7. Exogenous overexpression of
BRCC36 stimulates colony formation in
MCF-10F cells. (A) The expression of

A,
, = ) Colony Formation Assay BRCC36 in MCF-10F cells transfected with
£ & R either a control vector (pFLAG-CMV2-5a) or a
[ ) - ncess : —I BRCC36-expression vector (pFLAG-CMV2-
[ e H pris 7 BRCC36) was determined by immunoblotting
I 1§ _ with either anti-BRC36 or -FLAG antibodies.
c ] p P —— (B) 5 x 10° of MCF-7 (positive control),
;__“ Tl B - BRCC36 transfected- or vector control MCF-
. % AR " ik ¥ - 10 cells were plated in soft agar (6-well
o .;‘- *...‘-.. Wi plates).  After 3 weeks, images from 5

independent fields of each well were taken
and colonies containing >30 cells were
scored. The numbers of colonies shown are
the means + standard deviations (SD) of
triplicate results from two independent
experiments. (C) Representative images of
colony formation in soft agar by MCF-7,
BRCC36-transfected and vector control MCF-
10F cells.

utilizing a Cesium 137 Irradiator (Model 81-14R). Cells were cultured for an additional 72 hours
prior to harvesting and were exam ined for DN A damage-induced cell apoptosis via Annexin V
and 7-amino actinomycin D staining. The proportion of apoptotic cells was determined utilizing
a Guava Personal Cytom eter (Guava Technologies) as w e have described previously (Chen,
2006). As expected, no significant difference in  the fraction of cells undergoing apoptosis in
vector- or BRCC36-transfected cells was observed in the absence of IR (4.6% + 0.2% vs. 4.8% +
0.6%) (Figure 8B, upper panels), i.e., enhanced expression of BRCC36 alone is not in itself
toxic. However, when combined with IR exposure, these cells show a significant increase in the
fraction of apoptotic cells (44.2% = 15.4%) when compared to the vector control group (17.8% +
3.4%, p<0.05) ( Figure 8B, lower panels). Consisten t with these results, the overallce 11
viability was substan tially lower in BRCC36-overexpressed cells following IR as co mpared to

11



CHEN, Xiaowei

vector control cells (52.1% =+ 14.6% vs. 81.9% + 3.5%, p<0.05) (Table 1). As we have reported
previously, disruption of BRCC36 leads to enhanced IR-ind uced cell death. Thes e data suggest
that aberrant expression of BRCC36 can also disrupts BRCA1-a ssociated DNA repair pathways
and sensitizes cells to IR-1 nduced apoptosis. T hese findings support our hypothesis that the
aberrant expression (gain or loss) or activity of  protein(s) in BRCA1-asso ciated pathways will
lead to a BRCAT null-like phenotype and DNA damage hypersensitivity in breast cancer cells.

A. Vector BRCG36 Table 1. Nexin Assay in MCF-10A Cells

Transfection IR Viable Cells Apoptotic Cells

Vector wio 95.0% % 0.2% 4.6% +0.2%
BRCC36 wio 94.5% + 0.4% 4.8% +0.6%
Vector wi 81.9% £3.5% 17.8% + 3.4%

BRCC36 w/ 52.1% + 14.6%" 44.2% + 15.4%"

— | BRCC36 T: BRCC36 transfection vs. vector control (Student's t-test, p<0.05)

e : BACT

B. Figure 8. Exogenous overexpression of BRCC36
o Yacior L sensitizes MCF-10A cells to IR-induced apoptosis.
| asnsomm | [asnecen | (A) The expression of BRCC36 in MCF-10A cells
7 transfected with either a control vector (pRetroX-
A _ [’ | zsGreenl) or a BRCC36-expression vector (pRetroX-
A ) L zsGreenl-BRCC36) was determined by GFP
i i expression and immunoblotting with anti-BRCC36.
Protein loading levels were evaluated by
immunoblotting with anti-B-actin antibody (BACT). (B)
The proportion of apoptotic cells was measured
following annexin V and 7-amino actinomycin D
staining using a Guava Personal Cytometer. All
studies were done in triplicate.

wio IR

17.8% & 3.4% 44.2% = 15.4% *|

wl IR

KEY RESEARCH ACCOMPLISHMENTS

. Subcloned the fragment of Protamine (a.a., 8-29) between the C-terminus of the anti-HER2
C6.5 and His-tag in the vector pCYN?2.

. Expressed the anti-HER2 antibody (C6.5)- protamine fusion protein in TG1 E. coli.

. Demonstrated that anti-HER2 antibody (C6.5) -protamine fusion proteinisam olecular
which has very high positive charge and is not soluble in non-denature buffer.

. Synthesized protam ine (a.a., 8-29) with a dditional cysteine, and perform ed conjugation
between anti-Her2 antibodies and protamine peptide

12
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. Demonstrated that siRNA delivered via the conjugates of Herceptin and protam ine peptide
enable knock-down of the level of BRCC36 in the HER2-positive breast cancer cells.

. Demonstrated that exogenous BRCC36 expr  ession stimulates colony for mation and
sensitizes breast cells to IR-induced apoptosis.

REPORTABLE OUTCOMES

Abstracts

1. Chen, X, Weaver, J, Bove, BA, Vanderveer, L, Miron, A, Daly, MB, Godwin. AK. Allelic
imbalance in BRCA1 and BRCA2 gene expression is associated with an increas ed breast cancer
risk. In: Era of Hope, Departm ent of Defense (DoD) Breast Cancer Research Program Meeting,
(AB# 32-11, poster presentation), 2008.

2. Chen, X, Amin, N, Godwin. AK. Abrogation of BRCC36 im pairs IR-induced BRCA1
activation and sensitizes breast  cancer cellsto  IR-induced apoptosis. In: Era of Hope,
Department of De fense (DoD) Breast Cancer Research Program Meeting, (AB# 32-7, poster
presentation), 2008.

3. Chen, X, Weaver, J, Bove, BA, Vanderveer, L, Miron, A, Daly, MB, Godwin, AK. Allelic
imbalance in BRCA1 and BRCA2 gene expression is associated with an increas ed breast cancer
risk. In: Annual m eeting of Am erican Asso ciation of Cancer Research, (AB# 1926, poster
presentation), 2008.

4. Chen, X., Klimowicz, C., Vanderveer, L., Weaver, J., Amin, N., Ouellette, T., Liao, C.,
Daly, M.B., Nathanson, K.L., Godwin, A.K. A BRCA1 5'non-coding variant influences breast
cancer risk among African-Americans; In: Annual meeting of American Association of Cancer
Research; (AB# 4239, poster presentation), 2009.

Publications

1. Chen, X, Weaver, J, Bove, BA, Vanderveer, LA, Weil, SC, Miron, A, Daly, MB, Godwin,
AK. Allelic Imbalance in BRCA1 and BRCA2 Gene Expression Is Associated with an Increased
Breast Cancer Risk. Hum Mol Genet, 17: 1336-1348, 2008.

2. Chen X, Kistler JL, G odwin AK. BRCA1-associat ed proteins: novel targets for breast

cancer radiation therapy. In: Co ~ lumbus F., editor. Radiati  on therapy for breast cancer.
Hauppauge, NY: Nova Science Publishers, Inc., in press.

CONCLUSIONS
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RNAI1 blocks BRCALT activation (i.e., phosphorylati on and nuclear foci fo rmation) in breast
cancer cells following IR exposure. Because of the role of BRCAT1 in DNA repair, we propose
that an im balance be tween the DNA repair /cell surviv al and DNA dam age/cell apop tosis
pathways exists in BRCC36-depleted cells fo  llowing IR exposure. As a result, BRCC3 6
depletion appears to substantia  lly sensitize breast cancer cel  Is to IR-induced apoptosis.
Therefore, we are examining if abrogation of BRCC36 will sensitize breast tumors to the DNA-
damage based therapies. W e have tested a can cer cell-specific or “sm art” therapeutic approach
utilizing the conjugation of anti-HER2 antibod ies and protam ine to deliver BRCC36 siRNA to
HER?2 positive breast cancer cells . Since tum or cells in genera 1 are genom ically unstable and
have defects in DNA dam age responses, it ha s been proposed that targeting DNA repair
pathways may lead to a therapeutic index in tu mor cells o ver “normal” cells. This approach
should lead to improving the targeting of breast tumor cells while reducing non-specific toxicity.
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The contribution of BRCA1and BRCAZ2 to familial and non-familial forms of breast cancer has been difficult to
accurately estimate because of the myriad of potential genetic and epigenetic mechanisms that can ulti-
mately influence their expression and involvement in cellular activities. As one of these potential mechan-
isms, we investigated whether allelic imbalance (Al) of BRCA1 or BRCA2 expression was associated with
an increased risk of developing breast cancer. By developing a quantitative approach utilizing allele-specific
real-time PCR, we first evaluated Al caused by nonsense-mediated mRNA decay in patients with frameshift
mutations in BRCA1 and BRCA2. We next measured Al for BRCA1 and BRCAZ2 in lymphocytes from three
groups: familial breast cancer patients, non-familial breast cancer patients and age-matched cancer-free
females. The Al ratios of BRCA1, but not BRCA2, in the lymphocytes from familial breast cancer patients
were found to be significantly increased as compared to cancer-free women (BRCA1: 0.424 versus 0.211,
P =0.00001; BRCA2: 0.206 versus 0.172, P =0.38). Similarly, the Al ratios were greater for BRCA1 and
BRCAZ2 in the lymphocytes of non-familial breast cancer cases versus controls (BRCA1: 0.353, P=0.002;
BRCAZ2: 0.267, P=0.03). Furthermore, the distribution of under-expressed alleles between cancer-free con-
trols and familial cases was significantly different for both BRCA1 and BRCAZ2 gene expression (P < 0.02
and P < 0.02, respectively). In conclusion, we have found that Al affecting BRCA1 and to a lesser extent
BRCAZ2 may contribute to both familial and non-familial forms of breast cancer.

INTRODUCTION

Breast cancer is the most common cancer affecting women,
with a lifetime risk among females ~10% by the age of 80
years. In the USA, it has been reported that there will be
approximately 180 510 new cases of breast cancer, and more
than 40 910 breast cancer-related deaths in 2007 (1). Current
estimates suggest that family history is associated with 10—
20% of breast cancer (2,3). BRCAI (OMIM: 113705) and
BRCA2 (OMIM: 600185) are two of the most prominent
breast cancer susceptibility genes and deleterious mutations
in these two genes are estimated to account for about 15—
30% of familial breast cancer (4—6).

Germline mutations affecting the coding region of BRCA1
and BRCA?2 are thought to lead to expression of mutant pro-
teins, which are either inactive or function as dominant nega-
tives. However, these scenarios have not been supported by
functional studies (7-9). In fact, Brcal and Brca2 knockout
mouse models have demonstrated that elimination of Brcal
or Brca2 proteins is sufficient for the development of
mammary cancer (10,11). Previously, we have reported that
mutant BRCAI mRNAs containing premature stop codons
were eliminated or destabilized by nonsense-mediated
mRNA decay (NMD) (12) and lead to a state of haploinsuffi-
ciency. As a result, the ratios between the expressions from the
mutant alleles and the corresponding wild-type alleles were
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significantly decreased, resulting in what was referred to as
allelic imbalance (AI). Al of BRCAI or BRCAZ2 expression
could decrease the level of both transcripts and proteins and
thus contribute to increased susceptibility of developing
breast cancer.

There is growing evidence to support this concept. Epige-
netic studies have shown that loss of BRCA/ expression due
to promoter hypermethylation is associated with ~10% of
sporadic cases of breast and ovarian cancer (13—18).
However, screens to evaluate Al have not been applied in
depth to study its potential role in the genesis of familial
forms of these diseases. A previous study reported that 6 out
of 13 human genes, including BRCAI and p53, were expressed
with significant difference between the two alleles, and this
difference was transmitted by Mendelian inheritance (19). Fur-
thermore, Yan et al. (20) observed that decreased expression
of one of the adenomatous polyposis coli tumor suppressor
gene (APC) alleles was associated with the development of
familial adenomatous polyposis. Their studies also found
that even more modest decreases in the expression of one
APC allele could contribute to attenuated forms of polyposis
(20). Based on these findings, we hypothesize that a subset
of non-BRCAI/2 mutation carriers with a strong family
history of breast cancer are at increased risk of developing
this disease as a result of Al in BRCA/ and BRCA2 gene
expression.

In the present study, we have developed a quantitative
approach to measure the allele-specific expression of BRCAI
and BRCA2. We compared BRCAI/2 allelic variation in a
cohort of BRCA1/2 mutation-negative familial breast cancer
patients, non-familial breast cancer patients and age-matched
cancer-free volunteers. Since susceptibility to breast cancer
is far from being fully understood, our study may help to
further identify genetic factors which contribute to breast
cancer susceptibility.

RESULTS
Development of a quantitative allelic imbalance assay

In order to determine if allele-specific real-time PCR is able to
quantitatively measure the Al in BRCAI and BRCA2 gene
expression from the individual allele, RNAs were isolated
from the blood lymphocytes of two individuals determined
by genotype and sequence analysis to be homozygous for
either BRCA1-c.4308T/T or BRCAI-c.4308C/C (Fig. 1A).
This polymorphism was chosen since it is relatively
common, based on NCBI dbSNP data. The samples were
then reverse transcribed and the cDNAs were mixed at
various ratios (8:1, 4:1, 2:1, 1:1, 1:2, 1:4 and 1:8) as described
in the Materials and Methods section. BRCA1-c.4308T/T was
detected by the VIC fluorescence signal and BRCA1-¢.4308C/
C was detected by the FAM fluorescence signal. As shown in
Figure 1B, with decreasing c¢cDNA ratios of ¢.4308T to
c.4308C, the VIC curve (detecting the c¢.4308T allele)
shifted to the right with the increasing value of Cr.c4308T
vicy, while the curve of FAM (detecting ¢.4308C allele)
shifted to the left with the decreasing value of Cr.4303¢
(VIC)- At the same time, the value of ACT (CT—C.4308T (VIC)—
Cr-c4308c (FaM)) changed from the negative to the positive.
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By the regression analysis, a linear relationship between
Log, ratio of cDNAs ¢.4308T to ¢.4308C and ACy was ident-
ified: Log, (c.4308T/C)=—0.0877+1.57897 * ACt (P <
0.001) (Fig. 1C). The Pearson correlation coefficient (r)
between Log, (¢.4308T/c.4308C) and ACt was 0.9798. To
establish a similar standard curve for BRCA2 allelic
expression, cDNAs from two individuals, who were either
homozygous for BRCA2-c.3396A/A or BRCA2-c.3396G/G,
were mixed at the following ratios: 8:1, 4:1, 2:1, 1:1, 1:2,
1:4 and 1:8 (c.3396A/A allele:c.3396G/G  allele).
BRCA2-¢.3396A was detected by the VIC fluorescence
signal and BRCA2-¢.3396G was detected by the FAM fluor-
escence signal. As shown in Figure 1D, with decreasing
ratios of ¢.3396A to ¢.3396G, the VIC curve (detecting
c.3396A allele) shifted to the right while the FAM curve
(detecting ¢.3396G allele) shifted to the left. After regression
analysis, a linear relationship between Log, (c.3396A/
¢.3396G) and ACt was identified: Log, (c.3396A/G)=
0.11726 +1.26458 * ACt (P <0.001) (Fig. 1E). The
Pearson correlation coefficient (r) between Log, (c.3396A/
G) and ACt was 0.9868.

Detection of allelic imbalance caused by
nonsense-mediated mRNA decay

To examine whether the allele-specific real-time PCR assay is
able to detect Al of BRCAI and BRCA2 gene expression in
cell lines, we evaluated RNAs isolated from lymphoblastoid
cell lines (LCLs) which were derived from deleterious
mutation carriers heterozygous for BRCAI-c.3671ins4 or
BRCA2-¢.796delT. These frame-shift mutations create the pre-
mature stop codons, which are predicted to activate the NMD
pathway and thus lead to decreased levels of mRNAs from the
mutant alleles (12). As shown in Figure 2A and B, the ratios of
BRCAI1-¢.4308T to -c.4308C between wild type and BRCAI-
c.3671ins4 heterozygous samples were 0.93 + 0.04 and
2.07 + 0.06, respectively (P < 0.01). By subcloning and
sequencing the individual transcripts, we found that the under-
expressed allele contained both the BRCAI-c.3671ins4
mutation and the BRCA/-c.4308C polymorphism (detected
by the FAM signal) (data not shown). To further examine if
the loss of BRCAI-c.3671ins4 was associated with NMD,
we treated the BRCAI-c.3671ins4 LCLs with puromycin, a
translational inhibitor, 14 h prior to RNA isolation. The ratio
of BRCA1-c.4308T to -¢.4308C in BRCAI-c.3671ins4 hetero-
zygous cells decreased ~30%, in comparison to the non-
treatment group (1.50 + 0.05 versus 2.07 + 0.06, P < 0.01)
(Fig. 2B). Our data indicated that treatment with puromycin
was able to partially recover the Al caused by NMD. Signifi-
cant Al was also observed for the BRCA2-¢.796delT mutant
allele. The ratios of BRCA2-c.3396G to -c.3396A between
wild-type and BRCA2-c.796delT heterozygous samples were
0.98 +0.06 and 6.59 + 1.31, respectively (P < 0.01). After
treating the BRCA2-c.796delT LCLs with puromycin, the
ratio of BRCA2-¢.3396G to -¢.3396A in BRCA2-c.796delT
heterozygous cells decreased ~31%, in comparison to the
non-treatment group (4.90 +£0.87 versus 6.25 + 1.17)
(Fig. 2C and D). Our results suggested that the loss of
expression of BRCAI or BRCA2 mutant alleles via NMD sig-
nificantly contributed to the observed Al
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Figure 1. Standard curves for BRCAI and BRCA2 allelic imbalance.

(A) Allele-specific real-time PCR amplification plot analyses of BRCA-¢.4308T (VIC) and -¢.4308C (FAM) was performed in cDNAs generated by RT—PCR using
RNAs from blood lymphocytes of two individuals homozygous for either the BRCA1-¢.4308T/T or BRCA1-c.4308C/C. DNA sequencing chromatograms confirming
the genotype are shown in the right panel. (B) Allele-specific real-time PCR amplification plot was analyzed in mixed cDNAs of BRCA1-¢.4308T/T (detected by VIC)
and BRCA1-¢.4308C/C (detected by FAM) at the following ratios: 8:1,4:1,2:1, 1:1, 1:2, 1:4 and 1:8, respectively. (C) The standard curve for BRCA allelic imbalance:
Log, (¢.4308T/C)= —0.0877 + 1.57897 * ACy. The Pearson correlation coefficient () between Log, (c.4308T/c.4308C) and ACt was 0.9798 (Data expressed as
Mean + SD, n=3; the mean value of ACy for ¢.4308T/C=1 has been adjusted to zero). (D) Allele-specific real-time PCR amplification plot was analyzed in mixed
cDNAs of BRCA2-¢.3396A/A (detected by VIC) and BRCA2-¢.3396G/G (detected by FAM) at the following ratios: 8:1, 4:1, 2:1, 1:1, 1:2, 1:4 and 1:8, respectively.
(E) The standard curve for BRCA2 allelic imbalance: Log, (¢.3396A/G) =0.11726 + 1.26458 * ACr. The Pearson correlation coefficient () between Log, (¢.3396A/G)
and ACt was 0.9868 (Data expressed as Mean + SD, n = 3; the mean value of ACt for ¢.3396A/G = 1 has been adjusted to zero).
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Figure 1. continued

BRCAI and BRCA?2 allelic imbalance is associated with
breast cancer risk

To evaluate Al of BRCAI and BRCA2 gene expression, geno-
type analysis of the two common polymorphisms,
BRCAI-c.4308T/C and BRCA2-c.3396A/G, was performed
on DNA samples isolated from fresh-frozen peripheral blood
lymphocytes from 85 unrelated BRCA1/2 mutation-negative
familial breast cancer carriers (median age at sample collec-
tion: 47), 112 non-familial breast cancer carriers (median
age at sample collection: 52) and 102 age-matched cancer-free
females (median age at sample collection: 51) (Table 1). From
these analyses, 37 (43.5%), 48 (42.9%) and 41 (40.2%) of the
samples evaluated were determined to be heterozygote for the
BRCAI1-c.4308T/C polymorphism for familial breast cancer
patients, non-familial cancer patients and cancer-free controls,
respectively (Table 1). Furthermore, 39 (45.9%), 44 (39.3%)
and 36 (35.3%) of the samples above were found to be hetero-
zygous for the BRCA2-¢.3396A/G polymorphism (Table 1).

Since our initial validation studies were preformed using
immortalized LCLs, we first compared Al in RNA isolated
from 20 fresh-frozen lymphocytes versus 20 established
Epstein-Barr Virus (EBV)-lines. No significant differences
were detected between these two sample sets [BRCAI:
0.424 + 0.129 versus 0.409 + 0.127 (n=11); BRCA2:
0.212 + 0.180 versus 0.225 4+ 0.209 (n=10)]. However, to
limit any Al variation potentially introduced by EBV trans-
formation, all subsequent Al assays were performed using
RNAs isolated from peripheral blood lymphocytes. Next,
RNA isolated from BRCAI-c.4308T/C (n=126) and
BRCA2-¢.3396A/G (n=119) heterozygotes, including single
heterozygotes and double heterozygotes, were evaluated for
integrity and quantity. Those samples demonstrating high
quality and the necessary quantities were used in the Al
assay, as described in the Materials and Methods section.

To evaluate the Al, we used the absolute values of Log,
(BRCAI-c.4308T/C) or Log, (BRCA2-c.3396A/c.3396G).
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Figure 2. BRCAI and BRCA?2 allelic imbalance caused by NMD. (A) Allele-specific real-time PCR amplification plots of BRCA1-c.4308T (VIC) and -c.4308C
(FAM) for non-template control, BRCAI wild-type lymphoblastoid cells (WT), BRCAI mutant (heterozygous BRCAI-c.3671ins4) lymphoblastoid cells without
[PC (—)] or with [PC (+)] puromycin treatment. (B) Allelic expression ratios of BRCA1-¢.4308T to BRCAI-c.4308C (a: versus WT; b: versus PC (+); t-test, P <
0.05). (C) Allele-specific real-time PCR amplification plots of BRCA2-¢.3396A (VIC) and -¢.3396G (FAM) for non-template control, BRCA2 wild-type lym-
phoblastoid cells (WT), BRCA2 mutant (heterozygous BRCA2-c.796delT) lymphoblastoid cells without [PC (—)] or with [PC (+)] puromycin treatment. (D)
Allelic expression ratios of BRCA2-¢.3396G to BRCA2-¢.3396A (a: versus WT; b: versus PC (+); t-test, P < 0.05).
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Figure 2. continued

The mean value of Log, (¢.4308T/C) of BRCAI in the lym-
phocytes from familial breast cancer carriers was found to
be ~104% higher than that that in the lymphocytes from
cancer-free controls [0.424 + 0.157 (n=32) versus 0.211 +
0.169 (n=40), P=0.00001; #-test] (Table 2 and Fig. 3A and
B). Log, of BRCAI-¢.4308T/C in the lymphocytes from non-
familial breast cancer carriers was 73% higher than that in
cancer-free controls [0.353 +£0.209 (n=32), P=0.002
versus control] (Table 2 and Fig. 3A and C). In comparison,
the mean value of Log, of BRCA2-¢.3396A/G in the lympho-
cytes from familial breast cancer patients was moderately

higher (10%) than that in cancer-free controls [0.206 +
0.180 (n=37) versus 0.172 + 0.123 (n=31), P=0.38; t-test]
(Table 2 and Fig. 4A and B). A similar result (38% higher) was
observed for Log, (¢.3396A/G) of BRCA?2 in the lymphocytes
of non-familial breast cancer carriers [0.267 + 0.171 (n=26),
P =0.03 versus control] (Table 2 and Fig. 4A and C).
Interestingly, the distribution of under-expressed alleles of
BRCAI and BRCA2 was found to be significantly different
between cancer-free control and familial breast carriers, but
not between cancer-free control and non-familial breast car-
riers. As shown in Table 3 and Figure 3, under-expressed
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Table 1. Characteristics of the study groups

Characters Study groups
Familial Non-familial Cancer-free

Sample size 85 112 102
Age (median)

At diagnosis 44 49 NA

At sample collection 47 52 51
Family history®

2 or more 85 0 0

1 0 23 25

0 0 89 77
Genotypes

BRCA1-c.4308T/C 37 48 41

BRCA2-¢.3396A/G 39 44 36

“Number of first and/or second-degree relatives affected with either breast
and/or ovarian cancer.

BRCAI-c4308T  (i.e. Log, [4308T/C]<0) and
BRCAI1-¢.4308C (i.e. Log, [4308T/C] > 0) alleles were
found in ~53% (21 of 40) and ~47% (19 of 40) of cancer-free
controls as compared to ~28% (9 of 32) and ~72% (23 of 32)
of familial breast cancer carriers, respectively (P < 0.02). In
addition, under-expressed BRCA2-c.3396A [i.e. Log,
(3396A/G) < 0] and BRCA2-c.3396G [i.e. Log, (3396A/
G) > 0] alleles were found in ~45% (14 of 31) and ~55%
(17 of 31) of cancer-free controls as compared to ~70% (26
of 37) and ~30% (11 of 37) of familial breast cancer carriers
(P < 0.02), respectively (Table 3 and Fig. 4).

Inheritance effects of Al in BRCAI

A previous study has indicated that Al for several tumor sup-
pressor genes could be transmitted by Mendelian inheritance
(19). To test if the Al observed in our study may be inherited,
we identified three affected women (i.e. probands) reporting a
significant family history of breast and/or ovarian cancer for
which we had blood from at least one of their sisters. Further-
more, each sister had to be heterozygous for the
BRCA1-c.4308T/C polymorphism. As shown in family A
(Table 4), sister Sis-02 displayed a similar Al pattern as com-
pared to the proband, while sister Sis-01 displayed no Al In
the two other families, both the affected probands and their
corresponding sisters showed Al (Table 4). We further per-
formed a haplotype analysis to determine whether the alleles
showing Al were shared between siblings. As shown in
Table 4, sisters with the same Al phenotype shared the same
haplotype with their affected sister. Importantly, sister Sis-01
in family A did not share the same haplotype. Her blood
sample displayed no Al (0.007 + 0.147) for BRCAI gene
expressions whereas the Al was detected in her unaffected
and affected sisters (Sis-02 and Proband, 0.382 + 0.176 and
0.375 + 0.06, respectively) (Table 4). The allele frequencies
of the microsatellite markers used for haplotype construction
are listed in Supplementary Material, Table S1.

DISCUSSION

In this study, we developed a quantitative Al assay to examine
the expression difference between the alleles of BRCAI and
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BRCA2 (Fig. 1). By performing this Al assay with specific
primers and probes that target common single nucleotide poly-
morphisms in BRCA1 and in BRCA2, we were able to detect
allelic imbalance associated with NMD in patients carrying
frameshift mutations in BRCAI and BRCA2 (Fig. 2). We
next compared Al of BRCAI and BRCA2 expression among
three groups, familial breast cancer patients, non-familial
breast cancer patients, and age-matched cancer-free females.
Al ratios of BRCA1 in familial breast cancer cases were sig-
nificantly higher than those from cancer-free controls (P =
0.00001) (Table 2 and Fig. 3). Similar results were observed
for Al ratios of BRCA! in the lymphocytes from non-familial
breast cancer patients (P=0.002). Al ratios of BRCA?2 in famil-
ial or non-familial breast cancer cases were also higher than
those from cancer-free controls (P =0.38 or P=0.03, respect-
ively). However, the difference was not statistically significant
in the ratios of mRNA expressed from the BRCA2 alleles
found in familial breast cancer cases when compared to
cancer-free controls (Table 2 and Fig. 4). In addition, the dis-
tribution of under-expressed alleles between cancer-free con-
trols and familial cases was significantly different for both
BRCAI and BRCA2 gene expression (P <0.02 and P <
0.02, respectively) (Table 3). Furthermore, we have demon-
strated that the Al patterns for BRCA! expression, albeit in a
small number of families, can be transmitted by Mendelian
inheritance (Table 4). Although these findings are consistent
with a previous study (19), future evaluations will benefit
from evaluating Al in large families for evidence of disease
segregation.

Several methods have been developed to evaluate allele-
specific expression. The first method combines primer exten-
sion and capillary electrophoresis (19,21). The second
approach utilizes microarray technology to measure allele-
specific mRNA expression (22). Compared to the Al assay
presented here, the method of primer extension plus capillary
electrophoresis is also accurate but relatively time-consuming
and expensive. The microarray approach provides a high-
throughput and a powerful platform for the simultaneous
analysis of large numbers of genes to analyze allele-specific
gene expression, but it has less power to define the Al. Like
the majority of allelic expression methods (23), our Al assay
also requires a transcribed heterozygous variant in the
individuals to be evaluated. In the present study, we targeted
two common polymorphisms, BRCAI-c.4308T>C and
BRCA2-¢.3396A>G in the general population. Therefore, a
substantial number of subjects homozygous for the poly-
morphisms had to be excluded. To overcome this limitation
of population selection based on genotypes, other primers
and probes will need to be developed to target other
common polymorphisms in BRCAI and/or BRCA2. In
addition, our approach could easily be applied for studying
Al in other cancer susceptibility genes, such as p53, APC,
PTEN, etc.

In this study, we have demonstrated Al for both BRCA 1 and
BRCA2 in breast cancer populations. Interestingly, the
increase of Al ratios in familial and non-familial breast
cancer patients was more significant for BRCAI than
BRCA2. Loss of BRCAI expression in breast cancer has
been reported to be related to the pathogenesis of breast
cancer (13—17). Loss of BRCA2 expression in cancers, in
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Genes Population Sample number Al (Mean + SD)* t-test (P-value) versus cancer-free
BRCAI Cancer-free 40 0.211 4+ 0.169

Familial 32 0.424 4+ 0.157 0.00001

Non-familial 32 0.353 + 0.209 0.002
BRCA2 Cancer-free 31 0.172 £ 0.123

Familial 37 0.206 + 0.180 0.38

Non-familial 26 0.267 + 0.171 0.03

#To calculate the mean value of Al, all negative value of Log, (BRCA1-¢.4308T/C) and Log, (BRCA2-¢.3396A/c.3396G) in Figures 3 and 4 were

changed to positive values.

contrast, is still controversial (24,25). These findings indicate
that Al in BRCAI appears to be a more common event in
breast cancer development than Al involving BRCA2.
However, the mechanism(s) leading to the observed Al is
for the most part unknown.

We have demonstrated that both BRCAI and BRCAZ2 dele-
terious mutations can activate the NMD pathway and result
in Al [Figure 2, and (12)]. However, all the familial breast
cancer patients evaluated in the current study were determined
to lack a mutation in BRCAI and BRCA2 that would trigger
NMD. Furthermore, we evaluated the BRCAI and BRCAZ2
genes in the sporadic breast cancer patients and cancer-free
controls demonstrating Al [i.e. allele expression ratio > 0.25
or < —0.25 (Figs 3 and 4)]. Again, no deleterious germline
mutations were detected (data not shown). This is not entirely
surprising given that germline mutations in BRCAI and
BRCA2 are rare in women affected with breast cancer
without a strong family history of the disease (26—29).

Based on these observations, we conclude that NMD is not
likely to be responsible for the observed Al in our case—
control comparisons. Therefore, other mechanisms are likely
to exist to account for the observed increased Al of BRCAI
and BRCA?2 gene expression in female breast cancer patients.
For example, the 5" and 3’ non-coding regions of BRCAI and
BRCA2 are rarely evaluated through genetic testing, even
though genetic alterations in these non-coding regions could
be important in regulating BRCAI and BRCA2 expression.
For instance, genetic alterations within 5" DNA or the putative
promoter regions are able to disrupt the binding of transcrip-
tion factors to DNA regulatory elements and hence lead to
the loss of allelic gene expression. Several studies have
shown that large genomic deletions involving the BRCAI pro-
moter were associated with hereditary breast cancer (30—32).
This concept is further supported by studies of Cowden syn-
drome (CS) showing that ~10% of CS-related PTEN
mutations occur in the PTEN promoter and lead to a 50%
reduction in PTEN expression (33,34). Also, allele-specific
hypermethylation of the BRCAI promoter region and
decreased BRCAI expression is associated with ~10% of
sporadic breast cancer cases (18,30,35). Recent advances
have identified a new pathway for gene regulation, i.e. via
microRNAs (miRNAs) (36,37). These 21-22 nt RNA mol-
ecules are complementary to the 3’-UTR sequence of tran-
scripts and mediate negative post-transcriptional regulation
through RNA duplex formation (36,38). By performing
in silico analyses in four BRCAI SNPs and two BRCA2

SNPs (39), we have identified three rare BRCAI alleles
(c.5628G, ¢.6273T, c.6924A) that could potentially create
target sites for selected microRNAs (Supplementary Material,
Table S2). Therefore, it is possible that altered mRNA target-
ing could contribute to Al of BRCAI gene expression in the
absence of frameshift mutations. It will be important in
future studies to determine the mechanisms that either
disrupt transcription factors binding or alter miRNA binding,
leading to constitutively decreased levels of BRCAI and
BRCA2 and an increased risk of developing breast cancer.

In summary, we have developed a quantitative approach to
evaluate expression of BRCAI and BRCA2 from individual
alleles, and we have found that Al in BRCAI and to a lesser
extent BRCA2 is associated with increased breast cancer
risk. Furthermore, we have demonstrated that the Al patterns
for BRCAI expression could be transmitted by Mendelian
inheritance. Since susceptibility to breast cancer is far from
being fully understood, our study suggests that alternate mech-
anisms, other than deleterious coding mutations, may contrib-
ute to breast cancer.

MATERIALS AND METHODS
Databases

RefSeqs (GenBank Accession No: NM_007295.2 and
NM_000059.1) were used for BRCAI and BRCA2 mRNA
numbering, respectively. The A of ATG translation initiation
codon is defined as position +1.

Subjects and genotype analysis

Three populations were used in this study, (i) BRCAI/2
mutation-negative women reporting a personal and family
history of breast cancer, i.e. familial; (ii) female breast
cancer patients without a significant family history of
disease, i.e. non-familial; and (iii) age-matched cancer-free
female controls (Table 1). All participants were Caucasian
women with European-American ancestry and were from the
Delaware Valley, including the greater Philadelphia Metropo-
litan area in Pennsylvania. For family studies, eligible subjects
were women with a personal and family history of cancer (at
least two first and/or second-degree relatives affected with
either breast and/or ovarian cancer) and were ascertained
from the Family Risk Assessment Program (FRAP) at the
Fox Chase Cancer Center (FCCC). All relevant institutional
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Figure 3. BRCAI allelic expression ratios in cancer-free controls, familial and non-familial breast cancer patients. The Al assays were performed using specific
primer and probe sets targeting BRCA1-c.4308T/C alleles. Log, ratios of BRCA1-c.4308T allele to -c.4308C allele expression were presented in cancer-free
controls (A), familial (B) and non-familial breast cancer patients (C). (Data expressed as Mean + SD, n=3; the mean value of allelic expression ratios of

total normal samples has been adjusted to zero).

review boards approved the study protocol and written
informed consent was obtained from all participants. Genotype
analyses of the two common  polymorphisms,
BRCA1-¢.4308T/C and BRCA2-c.3396A/G were carried out

using ABI PRISM 7900HT Sequence Detection System and
Assays-on-Demand SNP Genotyping products for fluorogenic
polymerase chain reaction allelic discrimination (Applied Bio-
systems, Foster City, CA, USA).
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Figure 4. BRCA? allelic expression ratios in cancer-free controls, familial and non-familial breast cancer patients. The Al assays were performed using specific
primer and probe sets targeting BRCA2-¢.3396A/G. Log, ratios of BRCA2-¢.3396A allele to -¢.3396G allele expression were presented in cancer-free controls
(A), familial (B) and non-familial cancer patients (C). (Data expressed as Mean + SD, n = 3; the mean value of allelic expression ratios of total normal samples
has been adjusted to zero).
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Table 3. Distribution of under-expressed alleles of BRCAI and BRCA2
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Genes Group Under-expressed alleles OR (95% CI) P-value®
BRCAI ¢.4308T, Log, [4308T/C]<0 ¢.4308C, Log, [4308T/C]>0

Cancer-free Controls 21 19

Familial 9 23 2.82 (1.05, 7.60) 0.02

Non-Familial 16 16 1.11 (0.44, 2.80) 0.18
BRCA2 ¢.3396A, Log, [3396A/G]<0 ¢3396G, Log, [3396A/G]>0

Cancer-free Controls 14 17

Familial 26 11 0.35 0.02

Non-familial 13 13 0.82 0.20

A ¥ test was used to assess the 2 by 2 tables.

Table 4. Allelic expression and haplotype analysis of BRCA! in sisters from three breast cancer-prone families

Family Members Allelic expression [Log, (BRCA1-¢.4308T/C)] Haplotypes D17S855-D17S1322-D17S1325
Family A Proband® 0.375 4+ 0.060 145/155-121/121-193/193
Sis-01 0.007 + 0.147 145/153-121/121-195/193
Sis-02 0.382 + 0.176 145/155-121/121-193/193
Family B Proband® 0.477 + 0.070 145/151-121/124-193/193
Sis-01 0.232 +0.214 145/151-121/124-193/193
Family C Proband® 0.583 +0.243 145/153-121/127-189/189
Sis-01 0.522 + 0.156 145/153-121/127-189/189

#QOvarian cancer carrier.
bBreast cancer carrier.

Allelic imbalance assay

A 1.25 pl of the cDNA synthesized in the RT reaction was
used in a real-time PCR reaction (25 pl total volume), per-
formed with ABI PRISM 7900HT Sequence Detection
System following methods recommended by the manufacturer.
Optimal conditions were as follows: Step 1, 95°C for 10 min;
Step 2, 92°C for 15 s, 60°C for 60 s with Optics; repeated for
40 cycles. The primer and probe sets used in real-time PCR
reaction to detected BRCAI-c.4308T/C (rs1060915) and
BRCA2-¢.3396A/G (rs1801406) allelic expression were
obtained from Applied Biosystem TagMan® SNP Assay
program (Assay ID: C.3178676 and C.7605673.1 for BRCAl
and BRCA2, respectively). Sequence information for primers
and probes is available upon request. Each 96-well PCR
plate included negative controls, positive controls and
unknown samples. Real-time PCR data were analyzed with
ABI SDS 2.2.2 software. In order to produce the BRCAI
allelic expression standard curve, cDNAs from the two
samples with homozygous genotypes, BRCA1-¢.4308T/T and
BRCA2-c.4308C/C, were mixed as the following ratios: 8:1,
4:1, 2:1, 1:1, 1:2, 1:4 and 1:8 (c.4308T/T allele:c.4308C/T
allele). For the same purpose, cDNAs from the two samples
with homozygous genotypes, BRCA2-c.3396A/A and
BRCA2-¢.3396G/G, were mixed as the following ratios: 8:1,
4:1, 2:1, 1:1, 1:2, 1:4 and 1:8 (c.3396A/A allele:c.3396G/G
allele).

The principles of quantitative real-time PCR provide the
basis of this linear relation between Log, ratio and ACy estab-
lished in our approach to detect Al (40,41). Previous data have
shown that AmpliTaqg DNA polymerase cleaves the matched
and well-hybridized probe and target sequences and produces

a fluorescent signal (42). In contrast, mismatches between a
probe and target are expected to reduce the efficiency of
probe hybridization, and AmpliTag DNA polymerase is
more likely to displace a mismatched probe without cleaving
it, which does not produce a fluorescent signal.

Theoretically, Allele 1 gene copy number (detected by
FAM):

Log,[Allele — 1] = —AxCr; + B (1)

and Allele 2 gene copy number (detected by VIC):
Log,[Allele — 2] = —Ay*Cr; + B, 2

If the fluorescence probes have the same efficiency to hybri-
dize with matched target sequence, that is, A = A, = A, there-
fore,

Log,[Allele — 1/2] = Ax(Cta — Cr1) + (Bi —B2)  (3)

The function (3) was confirmed by two standard curves,
Log, (c.4308T/C)=—0.0877+1.57897 * ACr and Log,
(c.3396A/G)=0.11726 + 1.26458 * ACr, set up by our exper-
imental data (Fig. 1). Besides using function (3) to calculate
the ratio of mRNA expression between the two alleles, func-
tion (1) and function (2) are able to be applied for examining
the absolute value of each allele mRNA expression. However,
the direct analysis of single allele expression is often compli-
cated by the potential variations between individuals with
different environmental or physiological background rather
than genetic factors. Comparing the relative expression
levels of two alleles of the same gene within the same biologic
sample will help to minimize these variations.



Peripheral blood lymphocytes and LCLs

Lymphocytes were isolated from peripheral blood and stored
at —150°C until needed. None of the blood samples from
breast cancer patients were collected at the time of chemo-
or radiation therapy. In addition, a subset of cyropreserved
lymphocytes from BRCAI or BRCA2 mutation carriers (e.g.
BRCAI-c.3671ins4 and BRCA2-c.796delT) or disease-free
individuals were infected with EBV to establish immortal
LCLs. LCLs were maintained in RPMI (GIBCO BRL)
media supplemented with 20% fetal calf serum and antibiotics
at 37°C, 5% CO, atmospheric condition and 95% humidity.
The immortalized LCLs from cancer-free individuals that
had been tested negative for mutations in BRCAI and
BRCA2 served as wild-type controls. To prevent potential
degradation of unstable transcripts by NMD a translation
inhibitor, puromycin (Sigma, St Louis, MO, USA) was
added to the LCL cells as described in a previous study (12).

Subcloning the PCR product and sequence analysis

PCR fragments containing a common polymorphism and dele-
terious mutation were subcloned directly into pCR®4-TOPO
vector (Invitrogen, Carlsbad, CA, USA). PCR was then per-
formed to identify bacterial colonies containing appropriate
inserts. Plasmid DNA was purified using QIAfilter™
Plasmid Maxi Kit (Qiagen Inc., Valencia, CA, USA) and the
insert was sequenced using either the universal M13-primers
or the primers for PCR reactions.

RNA isolation and reverse transcription (RT)

Total cellular RNAs were isolated from blood lymphocyte
pellets using TRIzol reagent according to the protocols pro-
vided by the manufacturer (Invitrogen Corp., Carlsbad, CA,
USA). Purified RNAs were further processed to remove any
contaminating DNA (DNA-free kit, Ambion, Inc., Houston,
TX, USA). After quantification with Bioanalyzer-2100
system using RNA 6000 Nano LabChip kits (Agilent Technol-
ogies, Palo Alto, CA, USA), 2 ng of total RNA from each
sample was used as a template to be reverse-transcribed
(RT) in a 20 pl reaction [containing 5 wM random hexamers,
500 uM deoxynucleoside triphosphate mix, 1x RT (reverse
transcriptase) buffer, 5 mM MgCl,, 1.5 units of RNase inhibi-
tor and 7.5 units of MuLV reverse transcriptase]. All reagents
were purchased from Applied Biosystems (Branchburg, NJ,
USA). The RT reaction conditions were 10 min at 25°C, 1 h
at 42°C and 5 min at 94°C.

Haplotype analysis

Haplotypes were constructed for BRCAI using three poly-
morphic microsatellite repeat markers located within
(D17S855 and D17S1322) or adjacent (D17S1325) to the
BRCAI locus. The sequences of the primer pairs were
obtained from the Genome Database (http://www.gdb.org)
and PCR reaction was carried out as previously reported
(43,44). PCR products with fluorescent dye (HEX) labeled
primer were mixed with Hi-Di Formamide and a fluorescent
labeled internal size marker. The mixture was subjected to
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electrophoreseis on an ABI 3100 Automated DNA Sequencer
(Applied Biosystems, Foster City, CA, USA) and the data
were analyzed by the GeneScan (Version 3.7) and GeneMap-
per (Version 4.0) software provided by the manufacturer.

Statistical analysis

Allele specific real-time PCR data were analyzed with ABI
SDS software v2.2.2 (Applied Biosystems, Foster City, CA,
USA). Statistical analysis was conducted using the SAS
System (version 9) developed by the SAS Institute, Inc.
(Cary, NC, USA). Student’s #-test was employed for continu-
ous data and results were presented as the mean + SD. We
compared the distribution of under-expressed alleles in
BRCAI or BRCA?2 between cases and controls using x> 95%
confidence intervals (CI) and the difference in distribution of
under-expressed alleles was estimated as odds ratios (OR). A
value of P < 0.05 is considered significant.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG Online.
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Abstract

Tumor cells, in general, are genomically unstable and have defectsin DNA repair
pathways, which subsequently hinder DNA damage responses. It has been proposed that
therapeutic strategies specifically targeting DNA repair pathway proteins may lead to an
increased therapeutic index in tumor cells versus normal cells. The BRCA1 pathways are
known to play acritical role in DNA repair; thus, breast tumors with defects in proteins
associated with the BRCA 1 pathways are believed to be more sensitive to DNA damage-
based therapies. BRCA1 can interact directly or indirectly with other tumor suppressors,
DNA damage sensors, ubiquitin ligase partners, and signal transducers to form multi-
subunit protein complexes. These protein complexes are involved in a broad range of
biological processesincluding DNA repair, cell cycle control, ubiquitination, and
chromatin remodeling. Growing evidence suggests that mutation and/or aberrant
expression of one or more key members of the BRCA 1-associated multi-protein
complexes may result in loss of normal BRCA1 activity and disruption of the BRCA1
pathways. These BRCA 1-associated proteins are potential modifiers of BRCA1 functions

and, therefore, potential targets for sensitizing breast cancer cells to radiation therapy.

Keywords: BRCAL, breast cancer, radiation resistance, DNA repair, cell cycle,

ubiquitination, chromatin remodeling.
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Introduction

Breast cancer is the most common cancer affecting women, with an estimated lifetime
risk of approximately 10% by 80 years of age. In the United States, it is estimated that
approximately 182,450 new cases of female breast cancer will be diagnosed and greater
than 40,000 breast cancer-related deaths will occur in 2008 (Jemal et al., 2008).
Approximately 13.2% of all American women (1 in 8) are expected to develop breast
cancer sometime during their lifetime and 3.0% will subsequently die from the disease
(Rieset al., 2008). Despite advances in treatment and early detection, the breast cancer
mortality rate among women in the United States decreased by only 2.2% per year

between 1990 and 2002 (Jemal et al., 2008).

Importantly, estimates from previous studies (Collaborative Group on Hormonal Factors
in Breast Cancer, 2001; Margolin et al., 2006) indicate that family history is associated
with 15% to 20% of breast cancer cases in the United States. The BRCAL gene (OMIM:
113705) is one of the most intensively studied breast cancer susceptibility genes and has
aprofound role in breast cancer etiology owing to itsinvolvement in several important
cellular processes. Deleterious mutations in BRCAL are thought to account for
approximately 10% to 20 % of hereditary breast cancers (Bove et al., 2002; King et al.,
2003; Walsh et al., 2006). Among its many biological functions, the BRCA1 proteinis
involved in DNA repair. Because DNA repair pathways and associated proteins are
targeted by radiation therapy, there is considerable interest in the devel opment of novel
therapeutic strategies to sensitize breast cancer patients with mutationsin BRCAL to

radiation therapy. This article will provide an overview of BRCA1 and its associated
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proteins with a particular emphasis on their role in DNA repair, aswell as summarize
current paradigms for breast cancer treatment with afocus on the development of new
strategies to exploit the role of BRCA 1 associated proteins and improve the efficacy of

breast cancer radiation therapy.

Radiation Therapy for Breast Cancer

Current treatment paradigms for breast cancer are complex and reflect the considerable
heterogeneity of the disease (NCCN breast cancer treatment guidelines 2008). Treatment
options for noninvasive breast cancers range from observation alone, to breast-conserving
lumpectomy with or without breast radiation, to total mastectomy depending on the
tumor biology and individual patient risk. Radiation therapy is also used in the adjuvant
setting and in combination with lumpectomy for locoregional treatment of early stage
invasive breast cancers. Systemic treatment for advanced or metastatic breast cancer
includes chemotherapy, endocrine therapy, and newer types of targeted therapeutic agents
(e.g., targeted monaoclonal antibodies and tyrosine kinase inhibitors). Radiation therapy
has been a treatment modality for breast cancer patients for more than 100 years and,

over the last 3 decades, has become a critical component of successful treatment
strategies for breast cancer. An increasing role for radiation therapy developed in the
early 1970s, when Fletcher documented that radiation therapy was instrumental in
decreasing local recurrences (Fletcher, 1972). In particular, supraclavicular metastases
were reduced from 20% to 25% to only 1.3% to 3% with the addition of ionizing
radiation (IR). Radiation therapy has also been utilized to treat patients with tumors that

have undergone total mastectomy resulting in areduction in local recurrences by greater
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than two-thirds (Fletcher, 1972). This early work led to an expanded role for radiation

therapy in breast cancer.

The emergence of radiation therapy to the forefront of modern breast cancer treatment
liesinits application in breast conservation therapy. Current NCCN treatment guidelines
support the preferred use of breast conservation therapy (i.e., lumpectomy with or
without breast radiation) as a breast treatment for the majority of women with early stage
breast cancers (i.e., ductal carcinomain situ, stage | and 11 breast cancers). Evidence
suggests that the addition of radiation therapy may significantly reduce recurrence in this
patient population. Landmark studies on the necessity of radiation therapy in breast
conservation therapy came from Fisher and colleagues, as a part of aclinical trial
conducted by the National Surgical Adjuvant Breast and Bowel Project (NSABP,
Protocol B-06) that showed lumpectomy with radiation therapy had much lower
recurrence rates than lumpectomy alone (10% versus 35%; P <0.001) after 12 years of
follow-up (Fisher et al., 1995). This observation has been further validated by an
extensive meta-analysis that supported improved local control with the addition of
radiation therapy (Fisher et al., 2002; Verones et al., 2002). Recently, clinical research
has examined the possible survival benefits of radiation therapy in breast cancer. The
Early Breast Cancer Trialists Collaborative Group (EBCTG) examined 78 trials
involving more than 42,000 patients with breast cancer (Clarke et al., 2006). In the
analyses of trials directly comparing patients receiving radiation therapy versus those not
receiving radiation therapy, a clear reduction in local recurrences occurred in the

radiotherapy group, including patients undergoing mastectomy or breast conservation
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therapy (Clarke et al., 2006). Interestingly, there was aso a notable improvement in
survival among patients treated with radiotherapy. In fact, patients receiving radiotherapy
for their breast cancer had a nearly 6% reduction in their 15-year breast cancer mortality
risk and a 4% to 5% reduction in overall mortality (Clarke et al., 2006). These findings
support the contribution of radiotherapy to both the reduction of local recurrencesand in
15-year overall mortality rates. Researchers have noted that breast cancer recurrencesin
the non-irradiated breast often occur within 3 years of initial diagnosis (Kurtz et al .,
1989). In comparison, local recurrencesin irradiated breast tissue occur much later, with
the risk increasing with time (7% risk at 5 years, 14% risk at 10 years, and 20% risk at 20
years) (Smith et al., 2000). Thus, despite the benefits of radiation therapy in the treatment
of breast cancer, patients continue to develop local recurrences in the targeted breast. The
persistent recurrence of breast cancers following radiation therapy in multiple patient
settings has prompted significant research efforts, particularly in understanding the
etiology of radioresistant breast tumors and subsequent development of novel treatment

paradigms to overcome this resistance.

Despite the benefits of radiation therapy in the treatment of breast cancer, patients
continue to develop local recurrences in the targeted breast. Researchers have noted that
breast cancer recurrences in the non-irradiated breast often occur within 3 years of initial
diagnosis (Kurtz et al., 1989). In comparison, local recurrencesin irradiated breast tissue
occur much later, with the risk increasing with time (7% risk at 5 years, 14% risk at 10
years, and 20% risk at 20 years) (Smith et al., 2000). It is these recurrences that have

spurred research into both breast cancer recurrences and the possibility of radio-resistant
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breast tumors. One of the major radio-resistance mechanismsis related to a score of

genes which are involved in the repair of DNA damage by radiation.

BRCALlin Resistanceto Breast Cancer Radiation Therapy

The clinical benefit of radiation therapy can be attributed to its mechanism of DNA
damage and subsequent activation of apoptosis pathways. The damage caused by IR
activates specific DNA damage cell cycle checkpoints, which leads to induction of
various DNA repair pathways. The central component of these pathwaysis the
ATM/CHEK?2 kinase, which is activated upon DNA damage and subsequently
phosphorylates multiple proteins, including BRCA1 (Canman et al., 1998; Cortez et al.,
1999; Leeet al., 2000). In response to DNA damage induced by IR, BRCA1lis
phosphorylated at specific tyrosine residues by ATM (the gene mutated in ataxia
telangiectasia), CHEK 2 (the human homologue of yeast checkpoint protein kinase
[hCdsl]), or by the ATM-related kinase, ATR (Cortez et al., 1999; Lee et al., 2000;
Tibbetts et al., 1999). This phosphorylation, which occurs in aregion containing clusters
of serine-glutamine residues, has been shown to be functionally important using mouse
models. In these studies, a mutated form of BRCAL lacking these phosphorylation sites
failed to rescue radiation hypersensitivity when introduced into BRCA1-deficient cells
(Cortez et al., 1999). In addition, phosphorylation by ATM/CHEK2 following DNA
damage s critical for the recruitment of BRCA1 to both DNA repair and chromatin

remodeling protein complexes (Zhong et al., 1999).
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BRCA1 has been implicated in normal cellular processes, including DNA fidelity and
damage repair, and has therefore been examined as having a possible role in the
radioresistance of breast tumors. However, the specific role of BRCAL in radioresistant
breast cancer remains somewhat unclear. In vitro studies (Abbott et al., 1999; Foray et al.,
1999; Mamon et al., 2003; Ruffner et al., 2001; Shen et al., 1998) have demonstrated an
increased sensitivity to IR when BRCAL is mutated in human breast cancer cell lines.
However, clinical observationsin breast cancer patients fail to reliably support thesein
vitro findings (Bagyens et al., 2004; Garcia-Higuera et al., 2001; Leong et al., 2000). One
study (Kirovaet al., 2005) found that BRCAL mutation carriers exhibited increased
sensitivity to radiation therapy as assessed by the reduced rate of breast cancer recurrence
following breast conserving treatment; however, Pierce and colleagues (Pierce et al.,
2000) noted no significant differencesin local recurrences between BRCA1 mutation
carriers and patients with sporadic forms of breast cancer in a multicenter study. Two
additional human studies (Baeyens et al., 2004; Leong et al., 2000) indicated that
mutations in BRCA1 may not account for clinical radiation hypersensitivity. These
conflicting findings pose the question of whether BRCA1 mutations will indeed increase
the sensitivities of tumor cellsto the radiation-based therapies. Therefore, the role of
BRCA1 and its influence on tumor cell sensitivity to radiation in vitro and in vivo will

require further investigation.

Role of BRCA1 and Associated Proteinsin Breast Cancer Etiology
Since its cloning and characterization in the mid-1990s (Miki et al., 1994), BRCA1 has

been implicated in many cellular processes including DNA repair, cell-cycle-checkpoint
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control, protein ubiquitination, and chromatin remodeling. Although mutationsin BRCA1
are known to contribute to the devel opment of hereditary breast and ovarian cancers,
BRCA1 mutations in sporadic breast cancers, which account for approximately 90% of all
breast cancers, are surprisingly rare (Futreal et al., 1994). In this aspect, various studies
have indicated that loss of BRCAL expression through epigenetic mechanisms may
contribute about 10% of sporadic breast cancer (Esteller et al., 2000; Rio et al., 1999;
Yang et al., 2001). In addition, accumulating evidence suggests that dysfunction of other
genes, coding for proteins in pathways complementary to BRCA1, may be important in
the pathogenesis of a significant proportion of sporadic, non-hereditary cancers. This
hypothesisis supported by several lines of evidence, including phenotypic analyses of
breast and ovarian tumors, as well as mechanistic studies of BRCA 1-associated pathways

(Farmer et al., 2005; Jazaeri et al., 2002).

BRCA1-Associated Proteins: Functional Modifiers of BRCAL Activity
Duetoitsclinical significance, the BRCAL geneis one of the most intensively studied
breast cancer susceptibility genes. The BRCAL gene encodes for a 220 kDa nuclear
phosphoprotein that has been suggested to play arole in maintaining genomic stability
and to act as atumor suppressor. The BRCA1 protein interacts directly or indirectly with
other tumor suppressor proteins (e.g., p53 and BRCA?2), DNA damage sensors (e.g.,
RAD51, RAD50, MRE11 and NBS1), signal transducers (e.g., p21 and cyclin B), and
ubiquitination proteins (e.g., BARD1, BRCC36, and RAP80) to form multi-subunit
protein complexes (Figur e 1), such as the BRCA 1-associated genome surveillance

complex (BASC) and the BRCA1 and BRCA2 containing complex (BRCC). Importantly,



Chen, Xiaowei

the proper formation of these multi-subunit protein complexesis critical in carrying out
the multiple biological processes associated with BRCA 1, including DNA repair, cell

cycle control, chromatin remodeling, and ubiquitination.

The majority of BRCA1 functional studies have focused on its potential rolein DNA
damage responses. The implication that BRCA1 is adirect component of DNA damage
response pathways comes from evidence of its interactions with BRCA2 and RAD5L1.
The protein complex comprised of BRCA1, BRCA2, and RAD51 has been shown to
activate DNA double-strand break (DSB) repair and to initiate homologous
recombination, an observation which links the maintenance of genomic integrity to tumor
suppression (Chen et al., 1999). In addition, the BRCA 1-associated MRE11-RAD50-
NBS1 (MRN) complex has recently been demonstrated to activate CHEK 2 downstream
from ATM in response to replication-mediated DSBs (Takemura et al., 2006). Disruption
of any of these pathways may contribute to increased genomic instability and potentially

sensitize cells to the effects of IR, specifically through the induction of cellular apoptosis.

The involvement of BRCA1 and its associated partners in normal DNA repair processes
suggests that mutations in these tumor suppressor proteins would hinder DNA damage
responses, predispose cells to additional accumulated mutations, and potentially
contribute to subsequent malignant transformation. Importantly, compromised DNA
repair mechanisms would also be expected to sensitize cellsto the lethal effects of IR.
Thus, while BRCAL mutations may play a profound role in breast cancer etiology,

consequent disruption of normal DNA repair may actually be therapeutically exploited to
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increase clinical radiation hypersensitivity in breast cancer patients who are BRCAL

mutation carriers.

BRCA1 has aso been shown to play arolein cell cycle control. For example, BRCA1
stimulates expression of the cyclin—dependent kinase (CDK) inhibitor, p21, and to inhibit
cell-cycle progression into the S-phase (Somasundaram et al., 1997). In addition,
research has shown that BRCA1 is not only essential for activating the CHEK 1 kinase
that regulates G2/M arrest induced by DNA damage, but also controls the expression,
phosphorylation, and cellular localization of Cdc25C and Cdc2/cyclin B kinases (Y arden
et al., 2002). Therefore, BRCA1 appears to be involved in regulating the onset of mitosis.
Furthermore, a mouse study demonstrated that BRCAL knockout mice, generated by
removal of exon 11, have a defective G,/M cell cycle checkpoint and extensive
chromosomal abnormalities (Xu et al., 1999). It is aso reported that elimination of one
Tp53 alele (BRCAL exonll-/-; Tp53+/-) rescued the embryonic lethality caused by the
deletion of BRCAL exon 11 and restored normal mammary gland development (Xu et al.,
2001). However, most female mice homozygous for the Brcal exon 11 deletion and
heterozygous for loss of the Tp53 gene developed mammary tumors within 6 to 12
months. Importantly, the resulting tumors lose the remaining Tp53 allele (Xu et al., 2001).
These findings indicated that the genetic interactions between Brcal and p53 are

associated with breast carcinogenesis.

BRCA1 and its associated protein have also been found to be involved in the process of

chromatin remodeling. Wang and colleagues (Wang et al., 2000) used

10
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immunopreci pitation and mass spectrometry to identify alarge multi-subunit protein
complex referred to as BASC (BRCA 1-associated genome surveillance complex), which
iscomprised of ATM, BLM, MSH2, MSH6, MLH1, the RAD50-MRE11-NBS1 complex,
and the RFC1-RFC2-RFC4 complex. Confocal microscopy demonstrated that BRCA1,
BLM, and the RAD50-MRE11-NBS1 complex co-localized to large nuclear foci, and
BASC has subsequently been shown to be involved in chromatin remodeling at sites of
double-strand DNA breaks (Wang et al., 2000). In addition, BRCA1 directly interacts
with the brahma-related gene 1 (BRG1) subunit of SW1/SNF-associated complex which
has been demonstrated to be involved in chromatin-remodeling (Bochar et al., 2000).
Thisfinding links chromatin remodeling processes to breast cancer. Furthermore, the
BRCT domain of BRCA1 has been reported to be associated with the histone
deacetylases, HDAC1 and HDAC2 (Y arden and Brody, 1999). Collectively, these
findings may help explain the involvement of BRCA1 in multiple, seemingly unrelated

processes such as transcription and DNA repair.

BRCA1 also interacts with a number of proteins and displays significant ubiquitin ligase
activities. Importantly, deleterious mutations affecting the BRCA1 RING-finger domain,
found in clinical specimens, abolish the ubiquitin ligase activity of BRCA1 (Ruffner et
al., 2001; Wu et al., 1996). These findings support a relationship between the ligase
activity of BRCA1 and the predisposition to breast cancer. Using a combination of
affinity purification of anti-FLAG and mass spectrometric sequencing, a multiprotein
protein complex, termed BRCC (BRCA 1/2 Containing Complex), which contains seven

polypeptides including BRCA1, BRCA2, BARD1 and RAD51, has been identified

11
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(Dong et al., 2003). BRCC is an E3 ubiquitin ligase complex exhibiting activitiesin the
E2-dependent ubiquitination of the tumor suppressor p53 (Dong et al., 2003). In this
multiprotein complex, one protein, referred to as BRCC36, has been found to be directly
interacted with BRCA 1. Cancer-causing truncations of BRCA1 have been found to
abrogate the association of BRCC36 with BRCC (Dong et al., 2003). We have aso
demonstrated that depletion of BRCC36 resulted in increased sensitivity in breast cancer
cellsto ionizing radiation (IR) and disruption of IR-induced BRCA 1 phosphorylation and
nuclear foci formation (Chen et al., 2006). Previous study has shown that a recombinant
four-subunit BRCC complex containing BRCA1-BARD1-BRCC45-BRCC36 revealed an
enhanced E3 ubiquitin ligase activity compared to that of BRCA1-BARD1 heterodimer
(Dong et al., 2003). Furthermore, BRCC36 has recently been reported to also be present
in anovel BRCA1-associated complex, BRCA1-BARD1-RAP80-Abraxas-BRCC36,
which plays arole in recognizing DNA damage site (Wang et al., 2007). These findings
may suggest that the role of BRCC36 in DNA damage response could be dynamic and
mediated by other protein partners (e.g., BRCC45, BRCC120, RAP80 or Abraxas) in the
same complexes (Figure 2). In addition, BRCA1 has a so been reported to interact with
the RNA Pol Il holoenzyme (Scully et al., 1997). Two recent reports have suggested that
BRCAland BARD1 may be involved in the degradation of RNA polymerase |1 complex
and sSIRNA-mediated knockdown of BRCA1 and BARDL1 resultsin stabilization of
RNAP 1 in the cellsfollowing UV exposure (Kleiman et al., 2005; Starita et al., 2005).
These studies reported that BRCA1/BARD1 appearsto initiate the degradation of stalled
RNAP |1 and thus disrupts the coupled transcription by inhibiting RNA processing

machinery in cells exposed to DNA damage. At present, the known substrates that are

12
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polyubiquitinated by the BRCA1-BARD1 ubiquitin ligase are very limited and include
RNA polymerase |1, nucleophosmin/B23, and p53 (Dong et al., 2003; Kleiman et al.,

2005; Sato et al., 2004; Starita et al., 2005).

BRCA1-associated Proteins as Potential Targets of Breast Cancer Therapies

In the last several decades, efforts have been made toward understanding the mechanism
of response to both cytotoxic chemotherapy and radiation therapy in the treatment of
breast cancer. Because tumor cells are typically genomically unstable with dysfunctional
DNA damage responses, it has been proposed that targeting DNA repair pathways may
lead to an increased therapeutic index in tumor cells versus normal cells. The
involvement of BRCA 1 and its associated partnersin normal DNA repair processes
suggests that mutations in these tumor suppressor proteins would hinder DNA damage
responses, predispose cells to additional accumulated mutations, and potentially
contribute to subsequent malignant transformation. Importantly, compromised DNA
repair mechanisms would also be expected to sensitize cells to the lethal effects of IR.
Thus, while BRCAL mutations may play a profound role in breast cancer etiology,
consequent disruption of normal DNA repair may actually be therapeutically exploited to
increase clinical radiation hypersensitivity in breast cancer patients who are BRCAL

mutation carriers.

This speculation is supported by the recent development of the inhibitors of poly (ADP-

ribose)-polymerase-1 (PARP). The PARP enzyme isinvolved in base excision repair

which iscritical pathway in the repair of DNA single-strand breaks (Ratnam and Low,

13
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2007; Schreiber et al., 2002). Farmer and colleagues have shown that defectsin BRCA1
or BRCAZ2 profoundly sensitize cells to the inhibition of PARP enzymatic activity,
resulting in chromosomal instability, cell cycle arrest, and subsequent apoptosis (Farmer
et al., 2005). PARP inhibitors are currently in clinical trials of patients with breast cancer
or other malignancies who are BRCA1 or BRCA2 mutation carriers. Two phase | studies
have shown that AZD2281 (AstraZeneca, UK), a potent orally active PARP inhibitor, is
well tolerated and leads to significant PARP inhibition in patients carrying BRCAL and
BRCA2 mutations with breast or ovarian cancer (Fong et al., 2008; Yap et al., 2007).
Importantly, clinical responses have been observed in all cohorts evaluated thus far, and
future phase Il studies are planned (Fong et al., 2008; Y ap et al., 2007). Findings from
these recent studies further suggest that the design of novel therapies, which inhibit
components of particular DNA repair pathways, may provide effective and more

tolerable therapeutic options for breast cancer patients with BRCA1 defects.

In vitro studies have demonstrated that breast cancer cells expressing mutated BRCAL
have increased sensitivity to IR (Kennedy et al., 2004; Powell, 2005). Notably, mutations
in BRCAL itself may not be the only reason for loss of the encoded protein’s activity.
Thereis growing evidence that disruption of the BRCA 1-associated multi-protein
complexes, either through mutations or the aberrant expression of a key member(s) of
these complexes, may result in loss of normal BRCA1 activity (Chen et al., 2006;
McCarthy et al., 2003; Wang et al., 2007; Wu et al., 2007). In our own studies, we have
tested the hypothesis that dysregulated expression (e.g., gain or 10ss) of protein(s) in

BRCA 1-associated pathways leadsto a BRCA1 “null-like” phenotype and subsequent

14
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DNA damage hypersensitivity in breast cancer cells (Chen et al., 2006). As shown in
Figure 3, BRCA1 and p53 are phosphorylated by the ATM kinase following IR.
Depletion of the BRCA 1-associated protein, BRCC36, prevents the phosphorylation of
BRCA1 and disrupts BRCA1 nuclear foci formation following IR, an event that is
associated with the induction of DNA repair. The proposed model illustrates that
disruption of BRCA1 activation through depletion of BRCC36 may create an imbalance
between the DNA repair and cell survival pathways and the apoptosis/cell death
pathways following IR exposure. As aresult, abrogation of BRCC36 sensitizes breast

cancer cellsto IR-induced apoptosis (Chen et al., 2006).

This proposed mechanism is also supported by a number of studies that have
demonstrated the impact of cellular resistance to IR upon manipulation of BRCA1-
associated proteins, such as RAD51, MRE11, and NBS1 (Table 1) (Billecke et al., 2002;
Boulton et al., 2004; Chinnaiyan et al., 2005; Digweed et al., 2002; Garcia-Higuera et al.,
2001; Houghtaling et al., 2005; Kim et al., 2007; Lio et al., 2004; Liu et al., 2007;
Nakanishi et al., 2002; Russell et al., 2003; Sobhian et al., 2007; Wang et al., 2007; Yan
et al., 2008). In addition, because multiple genetic hits are necessary for tumorigenesis,
individuals that carry defectsin DNA damage repair/response genes are particularly
cancer prone, due to the genetic instability and hypermutability of their cells (Deng, 2006;
Jasin, 2002). Therefore, these BRCA 1-associated proteins are likely to be involved in

tumorigenesis and are potential therapeutic targets.
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Summary

Since BRCA 1 was cloned a decade ago, significant progress has been made in defining
its biochemical and biological functions, aswell asitsrolein breast and ovarian cancers.
BRCA1 has been implicated in many cellular processes, including DNA repair, and
protein ubiquitination. Because of the important role of BRCA1 in DNA repair, breast
tumors with defective BRCA1 are believed to be more sensitive to DNA damage-based
therapies. Nevertheless, defectsin BRCA1 itself may not be the only reason for the loss
of its activity nor the increased sensitivity of tumor cellsto DNA damage-based agents. A
number of studies have demonstrated that manipulation of BRCA 1-associated proteins,
such as RAD51, MRE11, and NBS1, can impact cellular sensitivity to IR. BRCA1-
associated proteins may, therefore, be considered as potential targets for breast cancer
therapies. Despite a potentially significant role for BRCA 1-associated protein complexes
in modifying the activities of BRCA1, the total number of complexes and the identity and
function of component proteins has yet to be fully elucidated. Thus, much of the
scientific effort related to BRCA1 is currently directed at defining the biochemical

functions of BRCA1 in association with these protein complexes.
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Figure Legends

Figure 1. BRCA1l-associated protein network. BRCAL interacts with a number of
proteins to form multi-subunit protein complexes, which are involved in DNA repair, cell

cycle checkpoint control, protein ubiquitination, and chromatin remodeling.

Figure 2. BRCC36 in different BRCA1-associated protein complexes (BRCC or
BRCA1 A Complex, respectively). Previous study has shown that BRCC36 potentiates
the E3 ubiquitin ligase activity of BRCA1-BARD1 heterodimer. Recently, BRCC36 has
been reported to also be present in a novel BRCA 1-associated complex, BRCA1-

BARD1-RAP80-Abraxas-BRCC36, which playsarolein recognizing DSB site.

Figure 3. A proposed moddl illustrating the role of BRCC36 in BRCA1-associated
DNA repair pathway in responsetoionizing radiation (IR). BRCA1 and p53 are
phosphorylated by the ATM kinase following IR. The BRCA1 and p53 proteins are
involved in DNA repair and apoptosis pathways, respectively. Depletion of the BRCA1-
associated protein, BRCC36, prevents the phosphorylation of BRCA1 and disrupts
BRCA1 nuclear foci formation following IR, an event that is associated with the
induction of DNA repair. The proposed model illustrates that disruption of BRCA1
activation through depletion of BRCC36 may create an imbalance between the DNA
repair and cell survival pathways and the apoptosis/cell death pathways following IR
exposure. As aresult, abrogation of BRCC36 sensitizes breast cancer cellsto |R-induced

apoptosis.
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